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A  high-capacity  type  of  all  solid-state  battery  was  developed  using  sulfur  electrode  and  the  thio-LISICON 
electrolyte.  New  nano-composite  of  sulfur  and  acetylene  black  (AB)  with  an  average  particle  size  of 
1-10  nm  was  fabricated  by  gas-phase  mixing  and  showed  a  reversible  capacity  of  900  mAh  g-1  at  a  current 
density  of  0.013  mAcrrr2. 
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1.  Introduction 

Rechargeable  lithium  batteries  have  been  developed  for 
portable  power  storage  applications.  The  practical  capacities  of 
the  current  system  applicable  for  electric  vehicles,  for  example, 
LiC6/LiCo02,  Li/LiMn204,  Li/V60i3  are  normally  in  the  range  of 
100-150  Wh  kg-1  (theoretical  specific  energies  in  the  range  of 
425-890  Wh  kg-1)  [1],  and  further  increases  in  battery  specific 
energy  have  been  expected.  The  battery  capacity  of  the  lithium 
ion  system  is  mainly  determined  by  the  capacities  of  positive  elec¬ 
trodes  in  the  range  of  150-200  mAh  g-1,  which  are  limited  by  the 
extent  of  lithium  intercalation  into  transition  metal  oxides.  Batter¬ 
ies  based  on  the  lithium/elemental  sulfur  redox  couple  might  be 
a  promising  candidate  for  high-capacity  battery.  Sulfur  has  a  the¬ 
oretical  specific  capacity  and  specific  energy  of  1672  mAhg-1  and 
2600  Wh  kg-1 ,  respectively,  with  a  reaction  of  S  +  2Li+  +  2e_  Li2S 
[1].  However,  high  insulation  of  sulfur  caused  high  electronic 
resistivity  that  makes  only  poor  charge-discharge  characteristics 
at  low-temperature  regions.  The  loss  of  active  material  in  liq¬ 
uid  electrolytes  caused  low  active  material  utilization  and  poor 
rechargeability  for  the  Li/S  cells;  during  the  charge-discharge  pro¬ 
cess  the  sulfur  transformed  to  polysulfides,  which  are  soluble  to  the 
organic  electrolyte.  The  incomplete  reversibility  of  the  reactions  to 
lower-order  sulfides  (e.g.  Li2S2,  Li2S)  was  also  a  significant  prob¬ 
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lem  [2-6].  Sulfur  has,  therefore,  not  been  sufficiently  utilized  in 
rechargeable  lithium  batteries  with  liquid  electrolytes. 

The  Li/S  batteries  with  solid  polymer  electrolytes  have  been 
examined  in  order  to  prevent  polysulfides  dissolving  into  liquid 
electrolytes  [1,7,8].  However,  total  reversible  discharge  capacities 
of  the  cells  were  less  than  30%  of  the  theoretical  capacity  of  sulfur 
even  at  higher  operating  temperatures  around  100  °C.  Low  conduc¬ 
tivity  of  polymer  electrolytes  might  be  one  of  the  reasons  for  these 
results  on  the  cells.  On  the  other  hand,  all  solid-state  batteries  using 
sulfur  and  ceramic  solid  electrolyte  have  been  recently  reported  to 
have  good  cycle-performance  [9].  Mechanically  milled  mixtures  of 
elemental  sulfur  and  a  transition  metal  sulfide  such  as  CuS  act  as  a 
positive  electrode  with  multiple  reactions  [10]: 

CuS  +  xLi+  +  xe_  ->  Li*CuS  (1) 

2LixCuS  +  xS  -^xLi2S  +  2CuS  (2) 

LixCuS  +  (2  - x)Li+  +  (2  - x)e_  Li2S  +  Cu  (3) 

and  the  cells  showed  high  reversible  capacities  over  650mAhg_1 
at  room  temperature.  Good  electronic  conductivity  of  cupper  sul¬ 
fide  (CuS,  a  =  67  S  cm-1 ;  S,  a  =  5  x  10-30  S  cm-1  at  25  °C)  makes  the 
battery  reaction  reversible  with  high  charge-discharge  capacity 
[11,12]. 

We  tried  to  use  elemental  sulfur  as  a  positive  electrode  for  all 
solid-state  batteries.  In  the  present  study,  all  the  solid-state  lithium 
batteries  with  sulfur  electrode  and  the  thio-LISICON  ceramic  solid 
electrolyte  [13]  are  examined  to  improve  sulfur  material  utilization 
and  thus  the  energy  density  of  the  batteries.  Nano-composite  of 
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sulfur  and  carbon  was  found  to  show  high  electrochemical  capacity, 
and  its  reaction  mechanism  was  investigated. 

2.  Experimental 

The  composite  electrode  of  sulfur  and  acetylene  black  (AB)  was 
fabricated  through  gas-phase  mixing  as  follows.  Sulfur  (Kojundo 
Chemical  Laboratory  >  99.99%  purity)  and  AB  (Denki  Kagaku  Kogyo 
K.K.)  were  weighed  in  the  ratio  of  50:50  (weight  %  (wt.%)),  mixed 
in  an  argon-filled  glove  box,  sealed  in  a  quartz  tube  under  vac¬ 
uum  atmosphere  and  heated  at  a  fixed  temperature  of  300 °C. 
After  heating,  the  tube  was  slowly  cooled  to  room  temperature. 
The  composite  electrode  of  sulfur  and  AB  was  also  prepared  by 
mechanical  mixing.  For  the  charge-and-discharge  experiments  of 
the  solid-state  cells,  the  cathode  mixture  of  sulfur,  AB,  and  thio- 
LISICON  (Li3.25Ge0.25P0.75S4)  with  a  weight  ratio  of  25.0:25.0:50.0 
was  used.  The  cathode  mixture  was  formed  either  by  hand  mix¬ 
ing  or  by  Fritsch  P-7  planetary  ball  milling  apparatus.  The  test  cell 
was  composed  of  polyethylene  terephthalate  (PET)  cylinder  with 
an  inner  diameter  of  10  mm.  The  solid  electrolyte  (thio-LISICON)  of 
about  70  mg  was  pressed  into  a  pellet.  The  cathode  mixture  of  5  mg 
was  subsequently  pressed  onto  one  side  of  the  electrolyte-pellet  at 
500  MPa.  The  anode  was  a  combination  of  aluminum  foil  (0.1 -mm 
thickness)  and  lithium  foil  of  0.1 -mm  thickness  with  a  diameter  of 
10  mm.  Its  Li/Al  ratio  is  about  38mol%  and  its  potential  is  0.38  V 
vs.  Li/Li+.  The  aluminum  was  attached  to  the  solid  electrolyte  by 
a  pressure  of  500  MPa  [14].  The  preparation  and  fabrication  of  the 
cells  was  carried  out  in  a  dry  argon-filled  glove  box  ([H20]  below 
0.1  ppm,  Miwa  MFG  Co.,  Ltd.).  The  electrochemical  properties  were 
characterized  by  a  multi-channel  galvanostat  (TOSCAT-3100).  A 
cycling  test  was  performed  between  0.5  and  2.7  V  at  an  applied 
current  of  0.013-0.13  mAcrn-2  at  25  °C.  The  resistivity  of  the  cells 
was  examined  at  1.5  V  by  an  ac  impedance  method  in  an  applied 
frequency  range  of  lOmFIz  and  1  MHz,  and  an  applied  ac  volt¬ 
age  of  10  mV  using  a  Solartron  1260  frequency  response  analyzer. 


These  electrodes  were  characterized  by  powder  X-ray  diffraction 
measurements  using  a  Rigaku  RU-200B  with  Cu  Ka  radiation, 
and  the  weight  ratio  of  sulfur  and  AB  in  the  composite  electrode 
was  measured  by  CHNS  analysis  using  a  PerkinElmer  2400  and 
thermogravimetry  (TG).  TG  measurements  were  conducted  up  to 
600  °C  from  room  temperature  under  nitrogen  atmosphere.  Mor¬ 
phologies  of  the  composite  electrodes  fabricated  by  mechanical  or 
gas/solid  mixing  were  investigated  by  a  field  emission  scanning 
electron  microscope  (FESEM)  (Hitachi  S-5200).  The  porosity  con¬ 
sidering  open  pores  of  the  cathode  composite  was  measured  by 
Brunauer-Emmett-Teller  (BET)  measurement  with  nitrogen  gas 
(Bellsorp.  mini).  The  pore  distribution  of  AB  was  refined  by  BJH 
method  [15]. 

3.  Results  and  discussion 

Fig.  1  shows  the  X-ray  diffraction  patterns  for  the  compos¬ 
ite  electrode  of  sulfur  and  AB  prepared  by  a  mechanical  mixing 
with  ball-milling  apparatus,  and  gas/solid  mixing,  together  with 
the  pristine  sulfur  powder.  The  existence  of  sulfur  was  confirmed 
for  the  electrodes  prepared  by  mechanical  and  gas/solid  mixing. 
The  diffraction  peaks  of  sulfur  in  the  electrodes  prepared  by  the 
gas/solid  mixing  were  broader  than  those  in  the  mechanical  com¬ 
posite,  indicating  that  the  gas/solid  mixing  made  small  sulfur 
particles.  The  particle  sizes  determined  by  the  diffraction  patterns 
were  estimated  to  be  about  110  and  500  nm  for  the  solid/gas  and 
mechanical  mixing,  respectively.  A  CHNS  elemental  analysis  indi¬ 
cated  that  the  composite  electrodes  with  mechanical  and  gas/solid 
mixing  have  the  sulfur/AB  weight  ratio  of  50/50  and  27/73,  respec¬ 
tively.  These  results  are  in  agreement  with  the  weight  loss  value  of 
30  wt.%  determined  from  TG  measurement  to  300  °C  for  the  com¬ 
posite  electrode  prepared  by  solid/gas  mixing. 

Fig.  2  shows  charge-discharge  curves  of  all  the  solid-state  cells 
with  the  composite  electrodes  of  sulfur  and  AB  prepared  by  (a) 
mechanical  mixing  and  (b)  gas/solid  mixing.  The  charge-discharge 
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Fig.  1.  X-ray  diffraction  patterns  for  the  composite  electrode  prepared  by  (a)  gas/solid  mixing  and  (b)  mechanical  mixing,  (c)  X-ray  diffraction  patterns  of  the  pristine  sulfur. 
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(a)  Capacity  Cl  mAh-g'1  (sulfur+AB) 
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Fig.  2.  Charge-discharge  curves  of  all  solid-state  batteries  with  AB/sulfur  composite 
electrodes  prepared  by  (a)  mechanical  mixing  and  (b)  gas/solid  mixing.  The  current 
density  was  0.13  mAcirr2  with  cut-off  voltages  of  0.5  and  2.7  V. 
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Fig.  3.  Rate  dependence  of  the  charge-discharge  capacity  of  the  cell  with  AB/sulfur 
composite  electrode  prepared  by  gas/solid  mixing.  The  rate  dependence  of  the 
capacity  was  measured  at  the  1st  cycle  (circle)  and  the  10th  cycle  (triangle). 


current  was  0.13  mAcnr2.  These  capacities  were  calculated  based 
on  the  weight  of  sulfur.  The  cells  of  the  electrodes  with  mechan¬ 
ical  and  gas/solid  mixing  have  the  first  discharge  capacities  of 
120  and  590  mAh  g-1,  and  the  fifth  discharge  capacities  of  30 
and  420  mAh  g-1,  respectively.  The  electrode  preparation  through 
sulfur  gas  process  extremely  improved  the  charge-discharge  char¬ 
acteristics  of  all  the  solid-state  cells  using  sulfur  positive  electrode. 

Fig.  3  shows  rate  capability  of  all  the  solid-state  cells  using 
composite  electrode  prepared  by  gas/solid  mixing.  The  discharge 


Fig.  4.  Scanning  electron  microscope  photographs  of  the  composite  electrode  prepared  by  (a)  sulfur,  (b)  acetylene  black,  (c)  mechanical,  and  (d)  gas/solid  mixing. 
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r /  nm 

Fig.  5.  (a)  N2  adsorption-desorption  isotherms  (a)  with  corresponding  pore  size 
distributions  (b)  of  the  composite  AB/sulfur  electrodes  prepared  by  mechanical  and 
gas/solid  mixing. 

capabilities  of  the  1st  and  10th  cycle  are  plotted  as  a  function  of 
current  densities  in  the  range  of  0.013-0.13  mA cm-2.  The  large 
reversible  capacity  of  900mAhg_1  was  obtained  with  the  current 
densities  of  0.013  mA cm-2.  On  the  other  hand,  the  capacities  of 
high  current  densities  of  0.13  mAcnrr2  decreased  to  590  mAh  g-1, 
implying  that  the  polarization  is  still  an  important  problem  to  be 
solved  to  attain  high  electrode  utility  at  high  current  region. 

Fig.  4  shows  the  scanning  electron  microscope  (SEM)  pho¬ 
tographs  of  pristine  sulfur  (a),  AB  (b),  and  the  composites  of  sulfur 
and  AB  prepared  by  mechanical  (c),  and  gas/solid  (d)  mixing.  Large 
difference  in  the  particle  size  was  observed  between  the  pristine 
sulfur  (1-10  pan)  and  AB  (50-100  nm).  After  gas/solid  mixing,  the 
sulfur  with  large  sizes  of  1-10  p,m  disappeared,  while  the  particle 
size  of  the  sulfur  after  the  mechanical  mixing  remained  unchanged 
(1-10  pan),  indicating  that  the  deposition  of  sulfur  from  gas  phase 
would  lead  to  the  successful  formation  of  small  particles. 

Fig.  5(a)  shows  the  N2  adsorption  isotherms  for  the  AB  heated  at 
300  °C  and  the  composite  electrodes  prepared  by  solid/gas  mixing, 
respectively.  The  BET  surface  areas  of  the  AB  and  the  composite 


electrode  were  determined  to  be  66  and  27  m2  g-1 ,  respectively.  The 
total  volumes  of  the  AB  and  the  composite  electrode  were  found  to 
be  0.27  and  0.18  cm3  g-1 ,  respectively.  Both  the  BET  surface  area  and 
the  total  volume  decreased  with  mixing.  Fig.  5(b)  shows  the  pore 
size  distributions  of  AB  heated  at  300  °C  and  the  electrode  mixed 
with  sulfur  at  300  °C.  The  AB  has  pores  with  sizes  ranging  from  1 
to  100  nm.  After  solid/gas  mixing,  the  amount  of  pores  decreased 
and  the  pore  size  decreased  from  1-100  to  l-10nm,  suggesting 
that  the  pore  of  AB  with  the  sizes  of  l-10nm  was  filled  by  sulfur. 
This  is  consistent  with  the  results  on  the  SEM  observation  that  the 
solid/gas  mixing  caused  homogeneous  mixing  with  small  sulfur 
particle  sizes. 

Fig.  6  shows  ac  impedance  spectra  (a  and  b)  and  impedance 
phase  plots  (c)  for  the  composite  electrodes  with  mechanical  and 
gas/solid  mixing.  The  Nyquist  presentation  of  the  spectra  clearly 
reflects  the  multi-step  nature  of  the  overall  lithium  insertion  and 
extraction  process.  Good  separation  of  the  relevant  time  con¬ 
stant  was  obtained,  however,  the  semicircle  corresponding  to  the 
bulk  electrolyte  was  not  observed  in  the  high  frequency  region 
over  1  MHz.  The  impedance  spectroscopy  clearly  demonstrated  the 
reduction  of  electrode  resistance  by  the  solid/gas  mixing.  The  two 
specific  frequencies  for  the  interfacial  and  charge  transfer  at  the 
interface  between  Li-Al  and  solid  electrolyte  were  also  observed  for 
both  cells,  which  were  280  kHz  and  410  Hz.  These  values  have  been 
already  estimated  from  the  symmetrical  cell  [14,16].  Therefore, 
each  spectrum  consisted  of  two  semicircles  in  the  high  (>0.1  kHz), 
and  low  (<0.1  kHz)  frequency  regions  which  were  assigned  to  the 
response  of  negative  and  positive  electrodes,  respectively  [17,18]. 

The  resistances  of  each  component  were  obtained  by  least- 
square  fittings  of  the  ac  impedance  data  using  equivalent  circuits 
of  a  combination  of  two  ^//constant  phase  element  (CPE)  and 


Frequency  /  Hz 


Fig.  6.  (a)  ac  impedance  spectra  for  the  composite  AB/sulfur  electrodes  prepared  by 
mechanical  and  gas/solid  mixing,  (b)  impedance  spectrum  at  high  frequency  region, 
and  (c)  impedance  phase  plots.  These  spectra  were  measured  at  1.5  V. 
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the  resistance  of  bulk  electrolyte,  Rb  [19].  The  resistivities  of  the 
anode  and  electrolyte  are  about  70  £2  [14,16],  while  the  positive 
electrode  showed  much  higher  resistivities.  The  resistivities  of  the 
AB/sulfur  electrode  with  solid/gas  and  mechanical  mixing  were  2.7 
and  14.8  k£2,  respectively.  This  indicates  that  the  gas/solid  mixing 
provided  lower  resistivities  at  the  interface.  Increase  in  the  surface 
area  and  the  contact  between  sulfur  and  AB  reduced  the  interfacial 
resistance,  which  provided  better  electrochemical  performance  of 
all  the  solid-state  cells. 

4.  Conclusion 

All  solid-state  cells  with  composite  electrode  with  sulfur  and  AB 
were  examined.  The  electrode  preparation  process  using  sulfur  gas 
improved  electrode  utility  during  the  charge-discharge  process. 
Particle  size  of  sulfur  after  gas/solid  mixing  was  l-10nm;  nano¬ 
size  particles  fabricated  by  the  mixing  process  play  an  important 
role  for  the  high  charge-discharge  capacities.  The  extremely  high 
capacity  obtained  for  the  composite  electrode  was  due  to  a  close 
contact  between  sulfur  and  AB  which  acts  as  conducting  matrix.  The 
ac  impedance  spectroscopy  indicated  low  resistivity  for  the  com¬ 
posite  electrode  fabricated  by  gas/solid  mixing.  All  the  solid-state 
cells  using  sulfur  electrode  with  composite  electrode  structure  are 
promising  candidate  for  lithium  batteries  for  the  next  generation. 
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